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1. Introduction 
Tropical cyclone-generated storm surges create natural disasters that are among the most 
deadly and costly global catastrophes. Individual disasters have inflicted hundreds of 
thousands of fatalities and billions of dollars in damage. In 1970, a tropical cyclone in the 
Bay of Bengal generated a 9.1-meter surge which killed approximately 300,000 people in 
Bangladesh (Frank and Husain 1971; Dube et al. 1997; De et al. 2005). More recently, and 
well into the age of satellite meteorology, a storm surge in 1991 killed approximately 140,000 
people in Bangladesh (Dube et al. 1997). Although the magnitude of storm surge heights 
and loss of life are highest along the shores of Bangladesh and India, such disasters are not 
limited to countries with developing economies. The 1900 Galveston Hurricane generated a 
6.1-meter surge (Garriott 1900), which killed between 6,000 and 8,000 people in Galveston, 
Texas (Rappaport and Fernandez-Partagas 1995), producing the most deadly natural 
disaster in United States history (National Oceanic and Atmospheric Administration 1999). 
More recently, Hurricane Katrina (2005) generated an 8.47-meter surge (Knabb et al. 2006), 
which claimed more than 1,800 lives along the coasts of Louisiana and Mississippi, and 
inflicted $81 billion dollars in damage (McTaggart-Cowan et al. 2008). 
While tropical cyclone-generated storm surge is a deadly and costly hazard, it is also 
scientifically complex, because meteorological, oceanographic and geographic factors 
influence the height, extent and duration of storm surge flooding. Such factors include 
maximum sustained hurricane wind speed at landfall and offshore, hurricane size, 
hurricane forward speed, the angle of hurricane approach to the coastline, bathymetry of 
coastal waters, coastline shape and the presence of barriers or obstructions to surge waters 
on land. Although relationships between some of these factors and resultant surge heights 
may seem intuitive (e.g. the assumption that stronger hurricanes always generate higher 
surges), storm surge observations reveal that a combination of physical factors influence 
surge characteristics. As a result, weaker hurricanes sometimes generate higher surges than 
stronger hurricanes. For example, Hurricane Ike (2008) generated a 5.33-meter surge along 
the Upper Texas Coast, although maximum sustained winds at landfall were only 175 km/ 
hour (Berg 2009), whereas Hurricane Charley in Western Florida had maximum sustained 
winds of 240 km/ hour at landfall, but only generated a 2.13-meter surge, partly because the 
storm rapidly intensified just before making landfall (Pasch et al. 2004). 
The complex nature of storm surge makes this phenomenon difficult to forecast and difficult 
for coastal populations to understand. In cases where storm surge heights and extents are 
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accurately forecast, coastal populations still commonly misunderstand storm surge impacts 
on coastal buildings, marine infrastructure, utilities, and transportation infrastructure, such 
as coastal roads and bridges.  This chapter addresses these issues by discussing the physical 
processes that generate storm surges, while providing some insight into impacts in low-
lying coastal communities along the United States’ Gulf of Mexico Coast. Such information 
is likely helpful to professionals in the fields of emergency management and law 
enforcement, planning, insurance, construction, urban planning, health care, science and 
engineering, as well as to coastal populations who live in regions vulnerable to tropical 
cyclone-generated storm surges. 
2. Physical processes that generate storm surge 
A storm surge is defined as a dome of increased sea level height in association with the 
approach of an intense cyclone. Persistent onshore winds, in conjunction with reduced air 
pressure, force water levels to rise, especially in shallow water of impacted coasts. Although 
tropical or extratropical cyclones can theoretically produce storm surges in any ocean basin, 
tropical cyclones produce the most destructive surges in terms of extreme water-level 
heights and human impacts. 
An understanding of tropical cyclone-generated storm surge climatology requires a brief 
examination of the physical processes that shape tropical cyclone development. These 
parameters include sea surface temperatures exceeding 26 degrees C (Ali 1996; Holland 
1997; Gray 1998), and proximity to the Intertropical Convergence Zone (ITCZ), or its 
regional manifestation, such as the South Pacific Convergence Zone (SPCZ) (De Scally 2008). 
Proximity to this global band of low pressure is necessary to provide the atmospheric lift for 
cyclonic development (Ali 1996; Dube et al. 1997; De Scally 2008). Furthermore, tropical 
cyclones tend to form between 5°-25° of latitude because at these latitudes the Coriolis 
parameter is sufficient to generate the dynamic potential of an area of convection (Gray 
1998). As the Coriolis parameter is a function of latitude, with no Coriolis forcing at the 
equator and higher forcing found at higher latitudes, tropical cyclone development is 
generally suppressed near the Equator (Gray 1975). Although the Coriolis parameter is more 
favorable for cyclonic development in higher latitudes where forcing is greatest, cooler 
ocean waters and detachment from the ITCZ in latitudes poleward of approximately 25 
degrees latitude suppress the development of tropical cyclones. Figure 1 and Table 1 reveal 
the most favorable regions for tropical cyclogenesis, and the average annual number of 
tropical cyclones observed in each ocean basin (Landsea 2007). 
Once a tropical cyclone has developed, atmospheric circulation will usually steer the cyclone 
from the point of origin, sometimes transporting the disturbance thousands of kilometers 
from the point of origin. The atmospheric circulation of the specific ocean basin will govern 
the exact path of the storm. Typical circulation patterns exist for each basin, depending on 
several physical factors. For example, the clockwise circulation around the Bermuda and 
Hawaiian Highs, the dominant mid-oceanic features in the North Atlantic and North Pacific 
Oceans, respectively, typically produce easterly trade winds between 10 and 25 degrees 
latitude, the region of highest tropical cyclogenesis. This typical circulation pattern causes 
most tropical cyclones in these basins to initially travel westward in the easterly trade 
winds, before making a northerly turn as they approach North America or East Asia. Figure 
2 depicts this pattern with the 270 August tropical cyclone tracks that took place in the north 
Atlantic from 1886 – 2006. 
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Spatial patterns of tropical cyclone landfalls develop as the processes of tropical cyclone 
development and movement are considered within the context of physical geography. 
Exposed islands, peninsulas and capes often experience the highest landfall frequencies. 
Coasts that curve in a convex manner, such as the North Carolina coast, along the eastern 
seaboard of the United States, protrude from the continent and experience higher 
frequencies of tropical cyclone strikes than concave-bending coasts, such as the Georgia 
coast, 650 kilometers to the southwest (Keim et al. 2007). 
As tropical cyclones approach a coastline, several additional factors determine the 
characteristics of the resultant storm surges. These factors include maximum sustained 
cyclonic winds at landfall and offshore, minimum central pressure, cyclone size, forward 
movement and angle of approach to the coast, shape and bathymetry of the coastline, and 
presence of obstructions to flowing water. 
 
 
Fig. 1. Regions of global tropical cyclogenesis, and the average annual number of hurricane-
strength systems per basin. 
Wind stress is the predominant factor forcing storm surge and destructive waves generated 
by hurricanes (Harris 1963). A quantitative relationship exists between wind speed and 
water heights, as wind stress exerts a force on water that increases exponentially as wind 
speeds increase (Ali 1996).  Kurian et al. (2009) state that wind stress accounts for 80-85% of 
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 Tropical storm or stronger 
(sustained winds greater than 17 
m/s) 
Hurricane/ Typhoon 
(sustained winds greater than 33 
m/s) 
Basin Average Percentage Average Percentage 
Atlantic 9.7  11.6  5.4 12.0 
NE Pacific 16.5 19.7 8.9 19.8 
NW Pacific 25.7 30.7 16.0 35.6 
N Indian 5.4 6.5 2.5 5.6 
SW Indian 10.4 12.4 4.4 9.8 
Aus SE Indian 6.9 8.2 3.4 7.6 
Aus SW Pacific 9.0 10.8 4.3 9.6 
Globally 83.7 100 44.9 100 
Table 1. Average annual number of tropical cyclones that develop in selected ocean basins, 
from Landsea (2007). 
 
 
Fig. 2. August tracks of North Atlantic Basin hurricanes, 1886-2006, from Keim and Muller 
(2008), adapted from Neumann et al. (1993). 
the generated surge, however, as recent research has discovered the importance of other 
cyclonic variables on storm surge heights, some scientists may argue that these figures 
provided by Kurian et al. (2009) overestimate the influence of wind speed. 
It should be noted that pre-landfall wind speeds likely influence maximum storm surge 
heights to a greater extent than wind speeds at landfall, especially for hurricanes that 
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rapidly strengthen or weaken as they approach the coast. Jordan and Clayson (2008) 
discovered that a scaled 24-hour, pre-landfall intensity average and a 12-hour pre-landfall 
instantaneous wind speed seem to be the best predictors of storm surge height. This may 
seem counterintuitive, as many meteorologists, as well as the media, focus attention on 
predicted wind speeds at landfall. However, the transfer of momentum from the 
atmosphere to the water, as strong winds blow over the water surface, requires time, 
therefore enabling hurricanes that rapidly weaken (strengthen) as they approach the coast to 
often generate higher (lower) surges than anticipated. Hurricanes Katrina and Wilma (2005) 
exemplify this phenomenon. The National Hurricane Center downgraded Katrina’s surge 
forecast as the storm rapidly weakened while approaching the Mississippi Coast, but 
upgraded Hurricane Wilma’s surge forecast as the hurricane rapidly intensified before 
making landfall in Southwest Florida. In hindsight, both of these changes increased 
forecasting errors, as the surge levels predicted using offshore intensities were more 
accurate than the forecasts that accounted for sudden intensity changes before landfall 
(Jordan and Clayson 2008). 
An inverse relationship exists between air pressure and storm surge heights. This 
relationship is sometimes called the inverted barometer effect, or law of the inverted 
barometer (Welander 1961). As barometers measure the amount of atmospheric pressure 
exerting downward force on a given location at Earth’s surface, reduced barometric 
readings mean less atmosphere is pressing down from above, thus, enabling sea levels to 
rise slightly. The sea level rises approximately one centimeter for every millibar of air 
pressure reduction (Welander 1961). This indicates that differences in air pressure account 
for a relatively small component of storm surge rise. For example, consider Hurricane 
Camille, an unusually intense hurricane that struck the Mississippi Coast in the United 
States Gulf of Mexico in 1969, produced one of the lowest air pressure observations ever 
recorded in the United States. The minimum central pressure in this hurricane was 905 
millibars (Simpson et al. 1970), or approximately 108 millibars less than the atmospheric 
average pressure of 1013 millibars (National Aeronautics and Space Administration 2010).  
The inverted barometer effect indicates that reduced air pressure in this cyclone accounted 
for only 1.08 meters in storm surge rise, or about 14 percent of the maximum storm surge 
height of 7.5 meters at Pass Christian, Mississippi (Simpson et al. 1970). 
Cyclone size is an important factor that has been underestimated until recently, after very 
large hurricanes Katrina (2005) and Ike (2008) generated larger surges than anticipated (Irish 
et al. 2008). The relationship between storm size and surge levels has likely been 
underestimated because research conducted on storms from the 1950s through 1970s lacked 
examples of massive storms like Katrina (Irish et al. 2008). Hurricane Katrina’s size likely 
enabled the storm, a category-3 storm on the Saffir-Simpson Scale at landfall, to generate 
larger surge heights than category-5 Camille along the same coastline. Katrina’s Category-5 
winds, one day before landfall, enabled the storm to generate such a massive surge. It is 
believed that the massive size of Katrina then enabled it to maintain this enormous surge 
even as it weakened before striking the coastline. As such, both Hurricanes Charley (2004) 
and Katrina (2005) also indicate that the lifecycle of hurricanes before landfall can play some 
role in producing surge. For example, Hurricane Charley’s rapid intensification before 
landfall did not allow for a large build-up of surge over time like Hurricane Katrina, which 
weakened before landfall. 
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Fig. 3. High water profile for Hurricane Ike in the Gulf of Mexico, created from selected 
storm surge observations provided by Berg (2009). 
In addition to producing higher surges, larger cyclones also inundate more coastline. In a 
modeling experiment, Irish et al. (2009) discovered that a 10 km increase in the hurricane 
pressure radius, a measure of hurricane size, produced a 20-100% increase in the extent of 
coastline inundated by high surge, at least 2 meters high in this particular experiment. This 
reasoning partially explains the reason why Hurricane Ike (2008) inundated more than 350 
km of Texas and Louisiana Coastline with at least 2 meters of storm surge (See Figure 3). 
Forward cyclonic movement is a factor often overlooked in surge research (Rego and Li 
2009). Weisberg and Zheng (2006) resolved that slower-moving cyclones generate higher 
surges than faster-moving cyclones, because slower-moving storms have more time to 
redistribute water. It is also reasonable that slower-moving storms would elevate water 
levels for longer time periods, therefore, increasing the amount of time that coastal 
communities are susceptible to damage from surge and waves. 
Coastline shape and the presence of natural and artificial obstructions to flowing water, 
such as coastal forests and levees, have profound effects on storm surge, sometimes 
producing extreme localized water level differences (Jarvinen and Neumann 2005). The 
highest surges usually occur where water approaches the coast in a perpendicular direction, 
especially when funneled into inlets and bays. The Advanced CIRCulation Model for 
Coastal Open Hydrodynamics (ADCIRC) of Hurricane Katrina’s surge clearly depicts these 
localized differences along the Mississippi River south of New Orleans (Interagency 
Performance Evaluation Taskforce Report 2006). Both natural and artificial levees along the 
river inhibited surge from flowing across the river from east to west, therefore enhancing 
surge levels on the east side of the river. In some locations surge levels on the east side of the 
river were more than three meters higher than the west side, less than two kilometers away 
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(Figure 4). Storm surge levels were also enhanced along the Mississippi River Gulf Outlet 
Reach 2 (MRGO Reach 2), as strong winds blew from the northeast, nearly perpendicular to 
the levees in this section (Ebersole et al. 2010). 
 
 
Fig. 4. The Advanced CIRCulation Model for Coastal Open Hydrodynamics (ADCIRC) map 
of maximum storm surge generated by Hurricane Katrina along the Louisiana and 
Mississippi coasts in the Gulf of Mexico. Original source is Interagency Performance 
Evaluation Taskforce (IPET) Report, 2006, although this graphic is adapted from Keim and 
Muller (2009). 
Notes: 1. Water levels in this figure are given in meters above NAVD88. 2. The ADCIRC surge model 
reveals dramatic localized difference in storm surge along the Mississippi River levee, south of New 
Orleans. Surge levels on the east side of the river are more than 3 meters higher than the west side of the 
river in some locations. 
Shallow bathymetry enhances storm surge because deeper water currents cannot carry away 
excess water, and as a result, water accumulates in shallow areas (Rappaport and 
Fernandez-Partagas 1995). Bays and gulfs, especially associated with large river deltas, 
therefore, generally experience larger surges than shorelines adjacent to open ocean or 
steeper continental shelves. For example, the extremely shallow waters near the mouth of 
the Mississippi River, created by extensive silt deposits, enhance the surge levels of 
hurricanes that track near the delta. These shallow waters enhanced the surge heights of 
Hurricanes Camille (1969) and Katrina (2005), helping these cyclones generate the two 
largest storm surges in United States history. Pass Christian, Mississippi, on the eastern 
shore of Bay St. Louis, observed the location of peak storm surge in both of these events. 
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Chen et al. (2008) hypothesize that the shallow waters south of the Mississippi Coast, 
produced by deltaic lobes from the Mississippi River, were the primary reason that 
Hurricane Katrina’s surge was extraordinarily high, and that the surge may have been four 
meters lower had Katrina tracked over a wider and more steeply sloping continental shelf, 
similar to the bathymetry south of Mobile Bay, Alabama (Figure 5). 
 
 
Fig. 5. Average bathymetry, or water depth, located 90 km east of the tracks of Hurricanes 
Katrina, Ivan and Frederic in the Gulf of Mexico. The bottom profiles indicate that the 
onshore winds of Hurricane Katrina blew over much shallower water than Ivan and 
Frederic, as the storm approached shore. From Chen et al. (2008). 
Storm surges sometimes inundate entire regions; widespread surge events can flood more 
than 1,000 kilometers of coastline (Berg 2009). Larger cyclones generally inundate more 
extensive areas than smaller cyclones with similar maximum wind velocities, while cyclones 
that track parallel or at an oblique angle to the coastline will usually flood longer stretches of 
shoreline than cyclones that make a perpendicular approach to the coast at landfall. The 
high water profiles depicted in Figures 3 and 7 reveal that Hurricane Ike inundated a much 
larger expanse of coastline than Hurricane Camille, even though Hurricane Ike made 
landfall as a Category-2 storm on the Saffir Simpson Scale, compared with Camille’s 
extraordinary Category-5 sustained winds and 190-mile-per-hour gusts (National Weather 
Bureau 1969) along the Mississippi coast. Ike’s much larger geographic size and oblique 
path relative to the coastline enabled the cyclone to inundate a wider swath of the coast. 
Generally, the portion of coastline that observes onshore winds will usually experience the 
greatest surge levels, with water heights increasing closer to the path of the cyclone. In 
contrast, the region that observes offshore winds will often experience much lower surge 
levels. In the northern hemisphere, onshore winds are observed to the right of the path of 
the cyclone, while offshore winds are experienced to the left (Figure 6). 
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Fig. 6. Generalized schematic of storm surge heights relative to position, path and wind 
speeds of a tropical cyclone. 
In certain cases, offshore winds create negative surges, in which winds push enough water 
away from land that water levels fall below normal levels. This phenomenon is usually 
experienced when offshore winds are observed on the leeward side of a peninsula, island or 
isthmus. These geographic features experience the majority of negative surges because they 
are wide enough to impede the surge that strikes the windward coastline, yet thin enough to 
not significantly weaken the cyclone. The west coast of Florida, for example, observes negative 
surges because cyclones commonly track from east to west across the peninsula, producing 
strong offshore winds to the north of the cyclonic path. Examples of this phenomenon include 
the negative surges of minus 2.01 meters at Tampa in October 1910 (Cline 1926), minus 1.83 
meters at Tampa in September 1926 (Harris 1963) and minus 1.37 meters at Cedar Key in 
September 2004 (Lawrence and Cobb 2005). Sometimes positive surges immediately follow 
negative surges, such as the 1.07 foot positive surges that followed both the 1910 and 2004 
negative surges at Tampa and Cedar Key, respectively (Cline 1926; Lawrence and Cobb 2005). 
Negative surges can damage property or infrastructure that are dependent upon the presence 
of water, such as marinas or industries that require water as a cooling agent. They can also 
endanger people, who are enticed by the novel opportunity to walk on the bed of a bay or 
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river, unaware that a sudden change in wind direction could bury them under a torrent of 
rushing water. Bevan (2001), of the National Hurricane Center, reports that curious people did 
this very thing during Hurricane Keith (2000) in Belize. 
 
 
Fig. 7. High water profile for Hurricane Camille in the northern Gulf of Mexico, from U.S. 
Army Corps of Engineers (1970). 
3. Storm surge impact scale for coastal communities 
Scientific literature contains little information that describes the incrementally destructive 
nature of storm surge inundations in coastal communities as the magnitude of storm surges 
increase. In this regard, coastal communities lack critical information that could help them 
improve long-and short-term decisions in preparation for storm surge inundation. With 
regard to long-term decision-making, such information could improve coastal planning, 
thereby reducing both human and economic losses in surge events. Coastal planning would 
likely improve, as people understand the major, moderate and minor impacts of storm surge 
in their community, as well as the frequency with which those impacts are likely to occur. 
For example, beach erosion was a relatively minor impact of Hurricane Katrina along the 
Mississippi Coast, at least compared to the loss of human life and total economic losses. 
However, the Mississippi beaches are important for the local economy, as tourism along the 
Mississippi Gulf Coast generates $1.3 billion in revenue and employs around 27,500 people 
(www.gulfcoast.org). Beach restoration projects have attempted to restore the sand, and 
return beaches to pre-Katrina conditions; an effort aimed at enhancing the quality of life in 
this area and boosting the local economy. 
However, communities along the Mississippi Coast will likely benefit from making 
informed decisions on such projects, which involve knowledge of storm surge impacts and 
frequencies. Relevant questions may address the critical storm surge level that erodes most 
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of the sand and/or how often can we expect that surge level to be repeated.  As these 
questions are answered, local and regional governments can make informed decisions that 
account for localized surge risk. 
With regard to short-term decision-making, such information could help in the evacuation 
process, as well as localized emergency preparedness. As communities understand impacts 
of various surge heights, they are more likely to take appropriate precautions, but less likely 
to over-react and take unnecessary precautions. Overreaction of local governments to storm 
surge threat may have negative long-term implications, as coastal populations become more 
skeptical of future warnings. For example, many people who evacuated the Upper Texas 
Coast as Hurricane Rita (2005) approached did not evacuate before Hurricane Ike (2008), 
because they became skeptical after Rita did not produce the anticipated surge in their 
specific region. Unfortunately, Ike generated a catastrophic 5.33-meter surge, which directly 
claimed 7 lives and was indirectly responsible for 55 other fatalities, including several 
people dying from carbon monoxide poisoning, a bus crash during the evacuation, and heat 
exhaustion. Ike also caused an estimated $10 billion in damages (Knabb et al. 2006). 
In view of this gap in the scientific literature, this chapter introduces the Storm Surge Impact 
Scale for Coastal Communities. This index provides information on the incremental impacts 
of surge inundation in coastal communities as surge levels increase, providing four 
categories of increasingly destructive surge impacts, listed as Impact Level 1 through Impact 
Level 4. These levels were defined from storm surge height and damage descriptions 
provided by anecdotal hurricane literature for the United States Gulf Coast. This research is 
based on anecdotal descriptions of over 230 surge events along the United States Gulf of 
Mexico from 1880-2009 which were utilized to help develop this classification system; the 
U.S. Government provided 15 of these quotes, newspapers provided eight, scientific 
journals provided five and books provided three. These quotes provide information on the 
surge height as well as the damage description for each surge event. 
As the creation of this index was based upon anecdotal storm accounts from the U.S. Gulf 
Coast, specific storm surge heights associated with each increment may not apply to other 
water basins, although the increasingly destructive impacts of each increment would likely 
relate to most locations susceptible to tropical cyclone-generated storm surges. Even along 
the U.S. Gulf Coast, some localized differences in surge heights associated with each 
increment may exist, although the surge height generalizations presented in this index hold 
true for most communities, as this coastal area is remarkably flat, with most coastal 
communities residing between 1.0 and 1.5 meters above mean sea level. The lowest-impact 
category, Impact Level 1, describes storm surges that are less than or equal to 1.22 meters. 
The highest category, Impact Level 4, describes storm damage for surges of 2.44 meters or 
greater. Although surges on the Gulf of Mexico sometimes substantially exceed this level, 
the obvious visible thresholds, such as flooding of roads and coastal structures, are 
surpassed, making anecdotal distinctions between surges of various magnitudes in this 
category more difficult. Also, coastal populations should likely take similar precautions for 
all destructive storm surges (Impact Level 4), regardless of the storm surge magnitude 
within this class. It should also be noted that this index provides a valuable tool for 
researchers investigating physical and social history.  In most locations, anecdotal accounts 
of extreme weather phenomena pre-date information recorded by trained scientists or 
instruments. Therefore, anecdotal storm descriptions are often more prevalent in historical 
literature than are exact measurements. This index provides a method for researchers to 
estimate historic storm surge heights, a practice that may be directly valuable in the fields of 
www.intechopen.com
Recent Hurricane Research - Climate, Dynamics, and Societal Impacts 
 
396 
meteorology, climatology, oceanography, and geomorphology, as well as indirectly useful 
in fields such as engineering, health care, and history. 
This new index is similar to the Storm Impact Scale for Barrier Islands, created by Sallenger, 
Jr. (2000), which also defines four levels of storm impacts along the coast, while focusing on 
the physical impacts to barrier islands, such as beach erosion and sand transport. The Storm 
Surge Impact Scale for Coastal Communities includes some information about beach 
erosion, but also includes information about impacts to coastal communities and 
infrastructure, such as roads and bridges. 
Figure 8 displays a summarized version of this impact scale in the form of a schematic that 
associates surge levels with damage descriptions. The generalized patterns found in this 
index are subject to localized differences in topography, as well as differences in the 
physical landscape, such as the presence of levees, dunes or other natural or artificial flood-
control devices.  
 
 
Fig. 8. Generalized schematic of storm surge impacts in communities along the U.S. Gulf 
coast. Marine infrastructure is estimated at  .9 meters (3 feet), ground level of communities is 
estimated at 1.22 meters (4 feet), and slightly elevated buildings in these communities is 
estimated at 1.83 meters (6 feet) above MSL. Generalized damage descriptions associated 
with surge heights are listed in the right portion of diagram. 
4. Storm surge impact scale for coastal communities 
4.1 Impact level 1: “Marine impacts” 
U.S. gulf coast surge height: < 1.22 meters (< 4 feet) 
Damage Description: Water levels increase and are perhaps accompanied by waves, but 
relatively minor damage is reported. Marine infrastructure, such as docks, wharves, piers, 
marinas, or bath houses may sustain some damage. Non-elevated industrial equipment 
located outside the protection of seawalls or levees may be damaged as well. Minor beach 
erosion may occur. If accompanied by wave action, water may wash up against, or even 
over, smaller seawalls, and may reach coastal roads. 
Impact Level 1 Generalization: Water is high, but mostly remains in marine areas; water does 
not usually reach buildings and barely crossed coastal roads if it reached them at all. See Table 
2 for a list of anecdotal quotes that relate this surge height with the damage description. 
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4.2 Impact level 2: “Overwash impacts” 
U.S. Gulf Coast Surge Height: ≥ 1.22 meters and < 1.83 meters (≥ 4 feet and < 6 feet) 
Damage Description: Water washes over, and may damage coastal roads and smaller sea 
walls. Beach erosion occurs and is substantial if accompanied by large waves. Non-elevated 
structures in the coastal zone that are not protected by levees or seawalls are likely flooded. 
Marine infrastructure, such as docks, wharves, marinas, bath houses, as well as other 
structures located adjacent to the water, may sustain substantial damage or wash away, 
especially if accompanied by wave action. 
Impact Level 2 Generalization: Water damages marine areas, crossed coastal roads and 
flooded non-elevated coastal buildings. See Table 3 for a list of anecdotal quotes that relate 
this surge height with the damage description. 
 
Storm 
Name 
Year Location Source Quote 
Ella 1958 Florida 
Keys 
Kurtsweil, 
J.P., 1958 
“Tides were two feet above normal. There 
was no flooding, but great quantities of 
seaweed, sand and small rocks were washed 
onto the boulevard at the southeast portion 
of the island.” 
Beulah 1959 Texas National 
Weather 
Bureau, 
1959 
“Tides 2 to 3 feet above normal and rough 
seas were reported along the lower Texas 
coast. No reports of damage or loss of life 
have been received.” 
Judith 1959 Florida Tampa 
Tribune, 
October 
19, 1959, 
Pg. 4 
“A 75-foot long section of boardwalk next 
to Naples’ city fishing pier was washed 
away in the pounding surf – three feet 
above normal.” 
“The Fort Myers-to-Naples stretch, south 
of the storm’s center, felt the main force of 
the blow but there was comparatively little 
damage.” 
Tropical 
Storm #1 
1960 Texas Mozeney, 
R.P., 1960 
“One shrimp boat beached. One shrimp 
boat and two crewmen missing. Three 
private fishing piers wrecked at Bayside on 
Copano Bay.” 
Danielle 1980 Louisiana National 
Hurricane 
Center, 
1980 
“Tides were no more than 2 to 3 feet above 
normal on the southwest Louisiana and 
upper Texas coasts. Beach erosion was 
minor.” 
Table 2. Anecdotal quotes for Impact Level 1: “Marine Impacts” 
www.intechopen.com
Recent Hurricane Research - Climate, Dynamics, and Societal Impacts 
 
398 
Storm Name Year Location Source Quote 
Great Miami 
Hurricane 
1926 Florida 
Panhandle 
Mitchell, 
C.L., 1926, 
Pg. 413 
“On the 21st the tide was estimated at 4.2 feet 
at 6:30 a. m.; it was then overflowing low 
ground along the water front with highest 
waves running possibly 5.0 feet, portions of 
Water Street being then from 6 to 8 inches 
under water.” 
Note: The previous quote refers to 
Apalachicola, Florida. 
Unnamed 1936 Florida Barnes, 
2007, pgs. 
160-161 
“Just after the storm center passed, an 
‘abnormally high tide’ occurred, which 
measured 5.5 feet above normal and left water 
18 inches deep in the streets of Everglades 
City.” 
Unnamed 1941 Florida Sumner, 
H.C., 1941, 
pg. 303 
“The lowest pressure, at Everglades City, 
995.6 millibars (29.40 inches), was 
accompanied by winds exceeding 65 miles per 
hour and a tide of 4.1 feet which flooded the 
town and surrounded low country to a depth 
of about 1 foot.” 
Baker 1950 Florida 
Panhandle 
Dothan 
Eagle, 
September 
1, 1950, pg. 
1 
“Some beach property and wharves were 
damaged when water rose five and half feet 
above normal.” 
Esther 1957 Mississippi Times-
Picayune, 
September 
19, 1957, pg. 
5 
“US Highway 90 along the beach was 
pronounced unsafe for travel by the state 
police which sent extra troopers to detour 
motorists as five-foot tides smashed over the 
seawall.” 
Ella 1958 Texas and 
Louisiana 
Lichtblau, 
S., 1958 
“Highest tides were between 2 and 4 feet 
along the Texas and Louisiana coasts. Some 
coastal roads were closed due to tide and 
waves.” 
Candy 1968 Texas Sugg and 
Hebert, 
1969, pg. 
233 
“Tides ranged up to 4 ft in San Antonio Bay 
and Corpus Christi Bay and were 2 to 3 ft 
elsewhere on the central and upper Texas 
coasts. Damage was confined mainly to the 
formation of cuts along Padre Island and 
coastal oil industry equipment.” 
Bob 1979 Louisiana National “Tides were generally 3 to 5 feet above 
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Hurricane 
Center, 
1979, pg. 1 
normal and rainfall totals between 3 and 6 
inches…No serious flooding was reported in 
Louisiana, Mississippi, or Alabama.” 
“A number of boats were sunk or damaged 
and there was considerable pier damage due 
to high tides and rough seas.” 
Jeanne 1980 Texas National 
Hurricane 
Center, 
1980, pg. 2 
“Tides of 2 to 4 feet above normal occurred 
along the Texas coast accompanied by a 
prolonged period of rough seas and heavy 
swells. However, only minor beach erosion 
was reported.” 
Gilbert 1988 Texas National 
Hurricane 
Center, 
1988, pg. 2 
“Tides of 3 to 5 feet above normal were 
reported along the Texas coast with a number 
of low-lying roads under water. There was 
considerable beach erosion on Padre Island.” 
Intelligencer, 
July 4, 1994, 
pg. 41 
“A 5-mile stretch of U.S. Highway 98 from 
Destin west to Fort Walton Beach was closed 
for two hours because a sea wall protecting 
the highway had eroded.” 
Alberto 1994 Florida 
Panhandle 
Rappaport, 
1994, pg. 3 
“A storm tide of 5 feet was estimated near 
Destin. A 3 foot storm surge (NGVD) 
occurred at Panama City, Panama City 
Beach, Turkey Point and Apalachicola.” 
Josephine 1996 Louisiana National 
Weather 
Service, 
Lake 
Charles, LA, 
2009 
“The highest tide noted was 5.5 feet at Bayou 
Bienvenue, near Lake Borgne. Highway 1 was 
under a foot of water. A few homes and roads 
were also flooded in Orleans and St. Bernard 
Parishes, outside the flood control levees.” 
Table 3. Anecdotal quotes for Impact Level 2: “Overwash Impacts” 
4.3 Impact level 3: “Community inundation impacts” 
U.S. Gulf Coast Surge Height: ≥ 1.83 meters and < 2.44 meters (≥ 6 feet and < 8 feet) 
 
Storm Name Year Location Source Quote 
Florence 1953 Florida The Panama City 
News-Herald, 
September 27, 1953, 
pg. 1 
“For a short time Port St. Joe was isolated 
from the east and west but roads to the north 
remained open. A washed- out bridge east of 
the city interrupted travel between Port St. 
Joe and Apalachicola while high tides on the 
west at Hiland View, a Port St. Joe suburb, 
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cut the route between this city and Panama 
City.” 
Barnes, 2007, pg. 
194 
“Tides were five feet above normal at 
Apalachicola and Carrabelle and “six or 
seven feet” at Panacea.” 
 Note: These quotes associate a surge 
height of 6 to 7 feet with washed out 
bridges. However, Barnes reports the 
surge at Apalachicola was only 5 feet. 
As Apalachicola was located closer than 
Panacea to the washed out bridges, it is 
possible that the surge height was 
around 5 feet where the bridges washed 
out.  
Flossy 1956 Florida Barnes, 2007, pg. 
195 
“Flossy’s highest tides in Florida ranged 
from five to six feet and caused minor 
damages to piers and small craft. Beachfront 
erosion was severe, and several homes were 
destroyed.” 
Gladys 1968 Florida Sugg and Hebert, 
1969, pg. 236 
“Highest tides were estimated at 6.5 feet, 
causing considerable beach erosion and 
flooding of coastal areas.” 
Hebert and Frank, 
1974, pg. 286 
“Tides of 4 to 6 ft MSL in Galveston Bay 
caused flooding of the Baytown area and an 
estimated $3 million in losses for 
homeowners.” 
Baytown Sun, Sept. 
5, 1973, pg. 1 
“At least 500 people fled their Brownwood 
homes Tuesday during a threat of tides five 
to seven feet above normal.” 
Delia 1973 Texas 
Baytown Sun, Sept. 
6, 1973, pg. 1 
“More than 1,000 Brownwood residents 
were evacuated early Thursday as tidal 
waters gushed over the elevated perimeter 
roadway in the worst flood since Hurricane 
Carla. 
At least 140 homes were flooded…” 
“A maximum 6.4 foot-tide at 4:24 a.m. 
Thursday was 1.5 feet above the Valentine’s 
Day flood of 1969 and five feet below the 
devastating Carla flood in September, 
1961.” 
Chantal 1989 Texas Gerrish, H.P., 1989, 
pg. 3 
“Tides at High Island were 7.0 feet 
MSL…There was extensive beach erosion 
from High Island to Sea Rim State Park.” 
Table 4. Anecdotal quotes for Impact Level 3: “Inundation Impacts” 
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Damage Description: Widespread damage or even destruction of marine infrastructure, as 
well as industrial infrastructure located outside flood protection levees. Coastal 
communities are flooded, as water enters non-elevated and slightly elevated (one meter or 
less) structures in the coastal zone. Coastal roads are flooded. Small bridges as well as 
portions of roadway may wash out. Substantial coastal erosion is observed. Storm surge 
impacts the coast and areas slightly inland. 
Impact Level 3 Generalization: Water damages coastal buildings and infrastructure, such as 
roads, bridges and causeways. See Table 4 for a list of anecdotal quotes that relate this surge 
height with the damage description. 
4.4 Impact level 4: “Destructive impacts” 
U.S. Gulf Coast Surge Height: ≥ 2.44 meters (≥ 8 feet) 
 
Storm Name Year Location Source Quote 
Danny 1985 Louisiana National 
Weather 
Service, 
Lake 
Charles, 
Louisiana, 
2009 
“Storm surges of 8 feet were seen along the coast of 
South Central Louisiana. Highway 46 near Hopedale in 
St. Bernard Parish was impassable due to the high 
waters. The pier at Grand Isle State Park was damaged, 
while a pier near Slidell was demolished. Coastal erosion 
was greatest in Terrebonne and Lower Jefferson 
Parishes.” 
Juan 1985 Louisiana National 
Weather 
Service, 
Lake 
Charles, 
Louisiana, 
2009 
“Storm surges were 8 feet at Cocodrie…LA 1 south of 
Leeville and LA 3090 near Fourchon were destroyed. 
Three bridges were washed out near Lacombe on LA 434. 
Levees were overtopped in Lockport, Marrero, Oswego, 
and Myrtle Grove; this added to the already serious 
flooding. Two hundred cattle were drowned in 
Terrebonne Parish. Grand Isle was under 4 feet of sea 
water; 1200 residents were trapped on the island as the 
storm surge cut off any evacuation attempts early on.” 
Pasch, R.J., 
1997 
“Maximum storm surge heights were estimated at 6 to 8 
ft from Wakulla through Dixie counties…” 
“Damage was greatest in the coastal sections of Dixie, 
Levy, Taylor and Wakulla counties, mainly from storm 
surge effects, with 60 houses and businesses damaged. A 
house collapsed at Bald Point in Franklin County. About 
5000 people evacuated from the coast. Other costal effects 
included mostly minor beach erosion, damage to sea 
walls and coastal roadways, and the sinking of several 
small boats.” 
Allison 1995 Florida 
New 
Mexican, 
June 6, 1995, 
pg. 4 
“More than 65 coastal homes, three hotels and at least 
one restaurant were flooded as the morning storm caused 
the ocean to surge 8 feet along a 150-mile stretch of 
Florida’s Big Bend, where the Panhandle meets the 
Peninsula.” 
Josephine 1996 Florida Pasch, R.J., 
1997 
“County officials estimated storm tides (storm surge 
plus astronomical tide) ranged from up to 9 feet in Levy 
County...These tides produced widespread flooding of 
roads, dwellings, and businesses.” 
Table 5. Anecdotal quotes for Impact Level 4: “Destructive Impacts” 
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Damage Description: Severe coastal erosion is observed. Severe damage is inflicted on 
marine infrastructure, as well as any industrial equipment, residential or commercial 
structures located outside flood protection levees. Structures in coastal zone, even if 
elevated or protected by levees, may be damaged or completely destroyed. Small bridges 
and coastal roads are likely washed out. Evacuation routes are cut off hours before the peak 
surge level arrives. Water may overtop levees. Surge likely penetrates inland.  
Impact Level 4 Generalization: Water greatly damages coastal structures, washing some 
away, or creating complete loss. Water also penetrates inland. See Table 5 for a list of 
anecdotal quotes that relate this surge height with the damage description. 
5. Summary and conclusion 
Several physical processes are responsible for generating storm surges in association with 
landfalling tropical storms and hurricanes. Although wind stress is the predominant factor 
forcing surge heights, several other processes often enhance or diminish maximum surge 
heights.  Low air pressure clearly contributes to storm surge, but its overall impact is 
modest. Cyclonic size is an important factor that has been underestimated until recently, 
after very large hurricanes Katrina (2005) and Ike (2008) generated larger surges than 
anticipated. Forward cyclonic movement is another factor which influences surge heights, as 
slower moving storms often produce higher surges, and inundate the coastline for longer 
periods of time. Coastline shape and the presence of natural and artificial obstructions to 
flowing water, such as coastal forests and levees, sometimes have profound localized effects 
on storm surge height, especially where water approaches the coast or a barrier in a 
perpendicular direction, and is forced to rise. Shallow bathymetry is another factor which 
enhances surge heights, as underwater currents cannot distribute water unless the 
bathymetry is relatively deep. 
After recognizing these contributing factors leading up to storm surge, it should come as no 
surprise that Hurricane Category alone cannot accurately estimate surge at a specific 
coastline.  As a result, this chapter also presented a classification system for surge based on 
anecdotal information mostly from U.S. government sources, newspapers and books.  The 
classification system has four categories of increasingly destructive surge impacts, ranging 
from Impact Level 1, with minor “Marine Impacts” to Impact Level 4, with “Destructive 
Impacts” that often penetrate far inland.  The classification should be of some benefit to 
coastal zone planners, emergency managers, and researchers. 
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